We present the results of extinction measurements toward the main ejecta shell of the Cassiopeia A supernova (SN) remnant using the flux ratios between the two near-infrared (NIR) [Fe II] lines at 1.26 and 1.64 µm. We find a clear correlation between the NIR extinction (E(J − H)) and the radial velocity of ejecta knots, showing that redshifted knots are systematically more obscured than blueshifted ones. This internal "self-extinction" strongly indicates that a large amount of SN dust resides inside and around the main ejecta shell. At one location in the southern part of the shell, we measure E(J − H) by the SN dust of 0.23 ± 0.05 mag. By analyzing the spectral energy distribution of thermal dust emission at that location, we show that there are warm (∼ 100 K) and cool (∼ 40 K) SN dust components and that the latter is responsible for the observed E(J − H). We investigate the possible grain species and size of each component and find that the warm SN dust needs to be silicate grains such as MgSiO 3 , Mg 2 SiO 4 , and SiO 2 , whereas the cool dust could be either small ( 0.01 µm) Fe or large ( 0.1 µm) Si grains. We suggest that the warm and cool dust components in Cassiopeia A represent grain species produced in diffuse SN ejecta and in dense ejecta clumps, respectively.
Introduction
For the past decade, evidence for copious amounts of dust (≥ 10 8 M ⊙ ) in high-redshift galaxies and quasars with z > 5 has been reported in many far-infrared (FIR) and sub-(MIR; 2.4-45 µm) spectroscopic observations toward the bright ejecta shell (Lagage et al. 1996; Arendt et al. 1999; Douvion et al. 2001 ). The continuum spectra had a strong bump peaking at 21 µm together with a relatively weak bump at 9.5 µm, and Douvion et al. (2001) showed that the spectra can be fitted by two dust components at different temperatures, one at 90 K and the other at 350 K, with pyroxene (MgSiO 3 ), quartz (SiO 2 ), and aluminum oxide (Al 2 O 3 ) as major components. The composition and distribution of this "warm" SN dust heated by a reverse shock have been studied in detail using the spectral mapping data of the Spitzer Space Telescope (Ennis et al. 2006; Rho et al. 2008; Arendt et al. 2014) . These studies showed that the dust emission exhibits distinct spectral characteristics depending on the SN material with which it is associated. The most prominent dust emission is that with strong 9 and 21 µm bumps, which is associated with SN ejecta having strong Ar emission lines. The spectral features agree with the ISO spectra and can be reproduced by Mg protosilicate/MgSiO 3 , Mg 0.7 SiO 2.7 , or SiO 2 . The dust emission associated with SN ejecta having strong Ne lines is smooth without any silicate features and can be reproduced by Al 2 O 3 dust or C glass. There is yet another type of smooth dust emission associated with X-ray Fe emission, but it is probably from swept-up CSM (Arendt et al. 2014) . Meanwhile, Nozawa et al. (2010) showed that the observed spectral energy distribution (SED) of dust emission can be fitted by a physical model in which the SNR is expanding into a dense CSM, and the MIR emission is mostly from silicate grains (e.g., MgSiO 3 , Mg 2 SiO 4 , and SiO 2 ) and MgO. The estimated total mass of warm dust ranges from 0.008 to 0.054 M ⊙ .
A larger amount of SN dust, however, appears to reside in the interior of Cas A, where the SN ejecta is freely expanding. The first report was made by Dunne et al. (2003) , who claimed the detection of 2-4 M ⊙ of cold (15-20 K) SN dust associated with Cas A from an 850 µm observation. It was found, however, that at least some of the 850 µm emission is from a foreground material (Krause et al. 2004; Dunne et al. 2009 ), and instead Sibthorpe et al. (2010) and Barlow et al. (2010) , using the balloon-borne sub-millimeter telescope BLAST and infrared space telescopes AKARI and Herschel, showed that there is faint FIR and sub-millimeter emission from Cas A that can be fitted by dust at 35 K with a total mass of ∼ 0.07 M ⊙ . Arendt et al. (2014) also identified the FIR emission from this "cool" dust associated with unshocked SN ejecta (their "[Si II]" dust group) using the Herschel FIR data and derived an upper limit of 0.1 M ⊙ for the dust mass. However, the composition of the cool dust has been undetermined so far because the absorption cross sections of dust grains in the FIR are mostly smooth without prominent spectral features.
In this paper, we show that one can explore the characteristics of the cool SN dust in the interior of Cas A using extinction in the near-infrared (NIR). Recently, we performed NIR spectroscopy toward the main ejecta shell of Cas A, where we obtained the spectral and kinematical properties of 63 knots bright in [Fe II] emission lines (Koo et al. 2013 ).
Most of these knots are SN material, and the extinctions toward these knots show clear evidence for the SN dust, which can be combined with thermal infrared dust emission to infer the dust composition. This paper is organized as follows. In Section 2, we outline our NIR spectroscopic observations and data reduction and then briefly describe the public MIR and FIR imaging data that we used in the paper. In Section 3, we derive the NIR extinction toward the knots using [Fe II] line ratios and show that there is a correlation between the extinction and the line-of-sight velocity, which implies extinction by SN dust. Then, in Section 4, by comparing the NIR extinction and the thermal dust infrared SED, we constrain the possible compositions and sizes of the SN dust. We discuss the implication of our result for dust production in Cas A in Section 5 and summarize our paper in Section 6.
Observations and Data Reduction

Near-infrared Spectroscopy
Eight long-slit NIR spectra of the main SN ejecta shell were obtained on 2008 June 29 and August 8 using TripleSpec mounted on the Palomar Hale 5 m telescope; this spectrograph provides a broadband spectrum simultaneously covering 0.94-2.46 µm with a moderate resolving power of ∼ 2700. We also observed the spectra of an A0V standard star (HD 223386) for flux calibration just before and after the target observations. To subtract sky OH airglow emission as well as background continuum, the observations were made with either a consecutive ABBA pattern or On-Off mode depending on the complexity of the field. Figure 1(a) shows the position of the slits on the continuum-subtracted [Fe II] 1.64 µm narrow-band image obtained in 2008 August.
We followed a general reduction procedure to make a two-dimensional dispersed image. Numerous sky OH airglow emission lines were used for wavelength calibration, and then we corrected it to the heliocentric reference frame. The absolute photometric calibration was made by comparing the observed spectrum of the standard star with the Kurucz model spectrum (Kurucz 2003) . Even though the absolute flux uncertainty goes up to 30% depending on the centering accuracy of the standard star observation, the relative fluxes are quite robust.
We found a total of 63 infrared knots using a clump-finding algorithm (Williams et al. 1994) and performed a single Gaussian fit for all the detected emission lines to derive their fluxes and line-of-sight velocities. For detailed descriptions of the data reduction and analysis as well as the full list of parameters of the detected emission lines, please refer to Koo et al. (2013) and Y.-H. Lee et al. (2015, in preparation) .
Mid-and Far-infrared Imaging Data
For an SED analysis of SN dust, we fully exploit the previously published archival data providing the highest spatial resolution and sensitivity in the MIR and FIR wavebands covering 10-500 µm, where the dust emission is dominant.
For short wavebands, we use the W3 channel image (λ iso ∼ 12 µm) of the Wide-field Infrared Survey Explorer (WISE: Wright et al. 2010 ) with an angular resolution of 6.
′′ 5. We first retrieved all 36 single-exposure images ("Level-1b") from the online service 1 and converted the pixel unit to MJy sr −1 . After subtracting the predicted brightness of zodiacal light calculated from the interplanetary dust model from each frame (Kelsall et al. 1998) , we co-added the individual frames using Montage software 2 to obtain the final image. Instead of the WISE W4 channel image (λ iso ∼ 22 µm), we use the 24 µm band image of the Multiband Imaging Photometer for Spitzer (MIPS: Rieke et al. 2004 ) obtained in 2007 3 , which provides better spatial resolution (6 ′′ ) than WISE W4. The data used here are the Post-BCD image ("Level 2"), which is automatically processed by the MIPS software pipeline (version: S18.12.0). As in the WISE data, zodiacal light is one of the significant sources of background radiation in this waveband. We therefore subtracted the background brightness from the mosaic image using the model calculation (Kelsall et al. 1998 ).
Recent FIR images of the remnant were observed with PACS and SPIRE on board Herschel Space Observatory (Pilbratt et al. 2010) in 2009 September and December. The two instruments have six photometric bands (70, 100, and 160 µm for PACS, and 250, 350, and 500 µm for SPIRE), and they provide spatial resolutions of 5.
′′ 2, 7. ′′ 7, 12 ′′ , 18 ′′ , 25 ′′ , and 37 ′′ , respectively. The fully calibrated data sets were downloaded from the Herschel Science Archive 4 , and we use the data product levels of 2.5 and 2.0 for PACS and SPIRE, respectively. All imaging data have well-established zero-level brightness, whereas the PACS photometer images at level 2.5 do not (PACS Observer's Manual -version 2.5.1). To obtain the true zero point of the images, we calibrated the zero level by comparison with reference images whose zero point is well established. For the reference photometric calibrator, we used 60 and 100 µm images from Improved Reprocessing of the IRAS Survey (IRIS: Miville-Deschênes & Lagache 2005) together with DIRBE 140 and 240 µm and Planck 350 and 550 µm maps. In Cas A, synchrotron radiation is a dominant source in the FIR waveband. This nonthermal component is subtracted by using the VLA radio image at 6 cm (Delaney 2004) . The expected brightness at each isophotal wavelength is extrapolated from the power law S ν = C ν α (erg cm −2 s −1 Hz −1 ). In this paper, we adopt α = −0.682 and C = 2.50×10 9 erg cm −2 s −1 Hz −1 , which are derived from the total brightness of the remnant at 30, 44, 70, and 100 GHz using Planck (Planck Collaboration et al. 2011 ) archival data 5 .
NIR Extinction by SN Dust
NIR Extinction Measurement
We derive the selective extinction or "color excess" between 1.26 and 1.64 µm, E(J −H), toward the infrared knots from The ratio has been derived from both theoretical calculations and observations, and it ranges from 0.94 to 1.49 in previous studies (e.g., Giannini et al. 2015; Koo & Lee 2015, and references therein) . This large uncertainty of the intrinsic flux ratio hampers accurate measurement of the absolute extinction toward the remnant (this issue will be addressed in Section 3.3). It is, however, worth noting that the uncertainty does not affect the difference in E(J − H) (Equation 1) among the knots, which gives the relative extinction to them. In this paper, we adopt the intrinsic line flux ratio of 1.36, which is the theoretical value proposed by Nussbaumer & Storey (1988) and Deb & Hibbert (2010) .
Total Extinction to Cas A
In Figure 1 (b), we plot E(J − H) for the 63 infrared knots as a function of position angle. The colors and symbols represent the characteristic groups classified by Koo et al. (2013) : helium-rich knots in green squares, sulfur-rich knots in red circles, and iron-rich knots in blue diamonds. In short, helium-rich knots are slowly moving ( 100 km s −1 ) knots with strong He I lines, the properties of which match those of "quasi-stationary flocculi" (QSFs), the circumstellar material swept up by an SN blast wave (van den Bergh 1971; Lee et al. 2014) . Sulfur-rich and iron-rich knots are fast-moving ( 100 km s −1 ) knots with strong [S II] and strong [Fe II] lines, respectively. They are SN ejecta material synthesized in different layers of the SN and correspond to fast-moving knots (FMKs) in previous optical studies (e.g., van den Bergh 1971; Hammell & Fesen 2008) . For more detailed explanations on the spectroscopic and kinematic properties of these knots, please refer to Koo et al. (2013) . For comparison, we also plot E(J − H) for the optical and infrared knots measured in previous studies. Hurford & Fesen (1996) observed optical spectra of five FMKs and two QSFs located in the northern bright rim and measured E(B − V ) using ratios of the [S II] and the Balmer lines, respectively. We converted it to E(J − H)(= 0.30 × E(B − V )) assuming the general interstellar dust composition with R V of 3.1 (Draine 2003) , and the open red circles and green squares in the figure represent the FMKs and QSFs, respectively. The derived E(B − V ) varies considerably over the remnant. It appears that the extinction toward the west is systematically larger than that toward the east, though there is a large scatter. This systematic variation is well known from previous radio and X-ray observations (e.g., Keohane et al. 1996; Reynoso & Goss 2002; Hwang & Laming 2012) . For example, the green contours in Figure 1(a) show the column density (N H ) map of Hwang & Laming (2012) obtained from an analysis of the Chandra X-ray data. The column density is large ((2-3) ×10 22 cm −2 ) toward the west and southwest directions, and molecular line studies showed that it is due to molecular clouds located in the Perseus Spiral Arm.
Figure 1 (b) shows that the extinction varies considerably within a slit. For example, along Slit 4, E(J − H) varies from 0.6 to 1.5 mag even though the emission is from a thin filament. This variation is significantly larger than what we would expect from the variation in the foreground extinction. For example, the solid line in the figure represents an expected E(J − H) variation along the ejecta shell derived from the N H map in Figure 1(a) . The ejecta shell is determined in the continuum-subtracted [Fe II] image where the brightness is greater than 3σ of the background rms noise, and the mean N H is obtained at every 10
• in position angle. The column density is converted to E(J − H) using N H /E(B − V ) = 5.8 × 10 21 atoms cm −2 mag −1 (Bohlin et al. 1978 ) and
The dashed-dotted lines represent the maximum and minimum E(J −H) at each position angle. It is obvious that, in several slits, the variation of E(J − H) within a slit is much larger than the range allowed from the N H map. As we show in the next section, this large variation is due to extinction within the SN ejecta.
Self-extinction within Cas A
An interesting correlation is found when we plot E(J − H) as a function of radial velocity, which is shown in Figure 2 (a). It is clear that the redshifted knots are generally more obscured than the blueshifted knots. Because we are observing an expanding shell, this suggests that the knots on the far side experience more extinction than those on the front side, or that there could be extinction originating within the remnant. To confirm this "selfextinction," it is necessary to remove the spatially varying foreground interstellar extinction. We subtract the extinction derived from the X-ray observation (Figure 1 ), and the result is shown in Figure 2 (b). The correlation becomes slightly weaker, but it is still obvious that the redshifted knots are more heavily obscured than the blueshifted knots. Therefore, our result implies that there is extinction, which might be due to newly formed SN dust within the remnant. The large scatter in extinction for the same velocity knots might reflect differences among different sight lines, i.e., non-uniform distribution of SN dust. Figure 2 (b) that the minimum E(J −H) ∼ −0.3, which means that the E(J −H) derived from the N H map is higher than the E(J −H) derived from [Fe II] line ratios. We can think of two possibilities for the negative E(J − H). First, it could be due to the uncertainty of the theoretical [Fe II] line ratio. To compensate for the E(J −H) of −0.3 mag, however, the theoretical flux ratio of [Fe II] 1.26-1.64 µm should be more than 1.8, which is considerably higher than the numerical value obtained in previous studies (0.94 ≤ [F 1.26 /F 1.64 ] int ≤ 1.49). Second, the N H derived from X-ray data could be overestimated. Indeed, the mean column density from the X-ray studies is ∼ 1.5×10 22 cm −2 (Willingale et al. 2002; Hwang & Laming 2012) , which is higher than those of radio observations, e.g., ∼ 1.1×10 22 cm −2 (Troland et al. 1985; Keohane et al. 1996) . We also note that the column densities of Hwang & Laming (2012) are higher by (0.4-0.7) ×10 22 cm −2 than those of Lee et al. (2014) , who carefully analyzed the X-ray spectra around the outer SNR shock. The difference of 0.3 mag in E(J − H), which corresponds to N H ≈ 6 × 10 21 cm −2 , may therefore have resulted from the difficulty in background removal in the analysis of Hwang & Laming (2012) . Another complication is that the X-ray-absorbing column also includes self-extinction, so the X-raybased extinction overestimates the foreground extinction. Thus it appears difficult to obtain an accurate map of the foreground extinction from the X-ray data alone, but this uncertainty is not likely to erase the systematic correlation in Figure 2 (b).
Note in
The non-uniform spatial distribution of SN dust and the uncertainty in the foreground extinction hamper the analysis of the correlation in Figure 2 (b). However, in one slit (Slit 4), we detected convincing evidence for self-extinction without those sight-line-dependent complications. Figures 3(a) and (b) show that the velocity structure of the [Fe II]-lineemitting gas in Slit 4 is "arc"-like, suggesting that the slit crosses a portion of an expanding shell. This is consistent with the result of previous studies that the main ejecta shell is a thin shell expanding at 4000-5000 km s −1 (e.g., DeLaney et al. 2010; Isensee et al. 2012) . In Slit 4, therefore, we have both blue and redshifted Fe knots along a given sight line, and the uncertainty due to different sight lines disappears. Now Figure 3 (c) shows the E(J −H) map obtained for pixels with an [Fe II] 1.64 µm brightness greater than 3σ above the background noise. A systematic increase in the extinction toward the redshifted knots is apparent. We computed an intensity-weighted E(J − H) as a function of radial velocity, which is shown by the black solid line in Figure 3 (d). We also divided the iron filament into three subregions along the slit (A-C in Figure 3 (c)), and their mean E(J − H) values are over-plotted on the figure with red, green, and blue solid lines. The total E(J − H) within the ejecta shell from Figure 3 (d) is 0.23 ± 0.05 mag with a systematic gradient of 0.13 ± 0.02 mag per 1000 km s −1 . This should be mostly, if not entirely, due to SN dust because the blue and redshifted ejecta materials in the slit are essentially along the same sight line. There are small-scale variations in E(J − H) in Figure 3 (d). They could be due to either incomplete subtraction of OH airglow emissions (e.g., gray-hatched areas in the figure) or very small dust clumps within the slit, or both.
The obtained E(J − H) can be converted to the dust column density (Σ d ) with an appropriate ∆κ JH ≡ κ 1.26 − κ 1.64 (cm 2 g −1 ), where κ 1.26 and κ 1.64 are the mass absorption coefficients at 1.26 and 1.64 µm, respectively:
This equation yields the column density of a given dust species required to explain the observed NIR self-extinction. For example, if it is Fe dust, which has ∆κ JH ∼ 10 3 cm 2 g −1 , see Figure 7 ), the required dust column is ∼ 10 −4 g cm −2 .
FIR Emission and SN Dust Composition
FIR Emission from SN Dust
What dust species would produce the E(J − H) of 0.2 mag detected in Slit 4? In this section, we constrain the dust species by investigating the FIR emission properties of SN dust.
Figure 4(a) shows the one-dimensional (1D) brightness profiles at 12, 24, 70, and 100 µm along the slit length in Slit 4. Note that these data have similar angular resolutions of 5.
′′ 2-7. ′′ 7 (Section 2.2). The profiles are background-subtracted using the mean brightnesses of an area just outside the ejecta shell (red square in Figure 4 (b)) and are normalized by their peak brightnesses. All four profiles have maxima at 1.
′ 67 where the iron filament is located ( Figure 3 ). All emission drops to zero inside of the ejecta shell except for the 100 µm emission, which remains constant at ∼ 30% of its peak brightness. This excess emission at 100 µm must be mostly from the unshocked cool SN dust detected previously in the FIR (Barlow et al. 2010; Arendt et al. 2014 ).
We examine the SEDs at two positions (see Figure 4 (a)): (1) the peak brightness position at 1.
′ 67 with ∼ 6 ′′ aperture (hereafter position A) and (2) the inner 100 µm excess region between 1.
′ 2 and 1. ′ 4 (hereafter position B). For comparison, we also derive an interstellar dust SED just outside of the shell (red square in Figure 4 (b)) where the radiation from the remnant is almost negligible. To derive accurate parameters for the SN dust, we first have to subtract the contributions of line emissions from the measured brightnesses. For this purpose, we retrieved the archival MIR and FIR spectra from Spitzer IRS 6 and ISO LWS 7 observations, respectively. We produced an IRS spectral data cube using CUBISM (Smith et al. 2007 ) and extracted 1D spectra within a 6 ′′ aperture at positions A and B as well as the background position. 25.9 µm lines, and their contributions to the fluxes in the two bands have been estimated as 8.9% and 4.8% for position A, 4.6% and 16% for position B, and 2.0% and 1.8% for the background position, respectively. There are no corresponding FIR spectroscopic data, but an ISO LWS 1D spectrum (43-190 µm) from an area close (∼ 50 ′′ ) to Slit 4 is available (#3 spectrum of Docenko & Sunyaev (2010) ). According to this ISO spectrum, the strong emission lines falling in the PACS 70 and 100 µm bands are the [O I] 63.2 and [O III] 88.4 µm lines, respectively. Estimation of the contribution of these lines to the observed surface brightnesses at our positions is tricky because the ISO LWS beam is large, i.e., ∼ 80 ′′ (Lloyd 2003) , and covers both the Cas A ejecta shell and the background area. We estimated the line contribution by assuming that both emission lines come from the ejecta shell, not from the interstellar material. This assumption is plausible because the two lines are detected at several positions along the ejecta shell to show similar broad profiles, whereas there is little emission outside of the remnant (Docenko & Sunyaev 2010) . Under this assumption, the two lines contribute only to the brightness of A, which is estimated as 3.8% and 4.5% in the PACS 70 and 100 µm bands, respectively. In the PACS 160 µm band, there is the [O I] 146 µm line, but its contribution is almost negligible. The observed and line-subtracted dust continuum brightnesses at the three positions are listed in Table 1 . Figure 5 shows the line-emission-subtracted SEDs at positions A and B in red and blue solid lines, respectively. Both SEDs have broad thermal emission bumps peaking at 160 µm, which arise from the line-of-sight interstellar dust component at a temperature of ∼ 20 K. This FIR SED matches well the SED of the background area outside the shell (black solid line), which represents the interstellar dust SED. The background-subtracted SEDs, which presumably represent "pure" SN dust SEDs, are shown in red and blue dotted lines in Figure 5 . The SED at A now shows maximum brightness at 24 µm, and the brightness decreases toward longer wavelengths. On the other hand, that at B peaks at 100 µm, which implies that the dust temperature is much lower than that at A. These two SEDs should represent the SEDs of shocked (+unshocked) and unshocked dust species, respectively. We will analyze the SED at position A, where we obtained self-extinction of E(J − H) = 0.23 ± 0.05.
Before doing a detailed analysis in the next section, we first show that the shocked warm dust component emitting the MIR emission cannot explain the NIR color excess that we detected. Previous observations showed that the warm dust is silicate grains (e.g., Arendt et al. 2014 ), and we assume that it is MgSiO 3 grains with a size of 0.001-0.1 µm, which has 10 −1 ∆κ JH 10 2 cm 2 g −1 . (As we will show in the next section, assuming other silicate dust species will yield the same conclusion.) The SED at A has excess emission in the FIR, and we perform a two-temperature modified blackbody fit assuming that the cool dust has the optical properties of general interstellar dust (Draine 2003) , as in Sibthorpe et al. (2010) . The surface brightness of each component at temperature T is calculated from
where κ abs,ν is the mass absorption coefficient, and B ν (T ) is the Planck function. We used MPFIT (Markwardt 2009 ), which is a nonlinear least-squares fitting routine within IDL, to derive the values of T and Σ d at which χ 2 is minimum as well as their formal 1σ uncertainties. The SED is well fitted with warm dust at T = 115 ± 2 K plus cool dust at T = 40 ± 6 K ( Figure 5 ). From this two-component fitting, we found that almost all of the brightnesses at 12 and 24 µm arise from the warm dust component, whereas more than 80% of the brightness in the FIR longer than 100 µm is from the cool dust component. The warm and cool dust components yield Σ d = 3.2(±0.3) × 10 −8 g cm −2 and 1.1(±0.8) × 10 −6 g cm −2 , respectively. From Equation 2, therefore, the corresponding E(J −H) of the warm dust with a size of 0.001-0.1 µm is 10 −8 − 10 −5 mag, and that of the cool dust is ∼ 0.003 mag. The column density of warm dust required to explain the MIR emission is very small, and the resulting NIR extinction is several orders of magnitude smaller than the value we derived (0.23 ± 0.05 mag). Therefore, it must be the cool dust component that is responsible for the NIR extinction. (Note that the grain species of the warm dust component and therefore its contribution to the NIR extinction are rather well constrained.) However, the above result suggests that the cool dust component cannot have the optical properties of the general interstellar dust because then the NIR extinction is again two orders of magnitude less than the value we derived. The grain species of the cool dust should have large ∆κ JH and/or small FIR opacity (κ abs,ν ) compared to that of general interstellar dust.
SN Dust Composition
Dust Species and Their Optical Properties
For the composition of SN dust, we consider the grain species predicted by previous theoretical models for CCSNe (Todini & Ferrara 2001; Nozawa et al. 2003 Nozawa et al. , 2008 Nozawa et al. , 2010 . The grain species considered in this paper are summarized in Table 2 with references for their optical constants (n and k). Note that carbon grains are formed in the He layer, silicates (MgSiO 3 , Mg 2 SiO 4 , and SiO 2 ) and oxides (Al 2 O 3 and MgO) in the O-rich layer, and other heavy-element (Si, Fe, FeS) grains in the Si-S-Fe layer. In addition, various types of oxide grains (SiO 2 , MgSiO 3 , Mg 2 SiO 4 , Al 2 O 3 , and Fe 3 O 4 ) are produced in the mixed SN models. According to Rho et al. (2008) , the MIR spectra of Cas A are well fitted by the combination of these grain opacity curves, which implies that these are the major dust species produced by the SN explosion. We calculated the absorption and extinction coefficients (κ abs,ν and κ ext,ν ) using the Mie theory (Bohren & Huffman 1983 ) assuming a spherical grain with a radius of 0.001, 0.01, or 0.1 µm. Figure 6 shows ∆κ JH and κ abs,ν at 24 and 70 µm for the grain species with different sizes. As expected, the κ abs,ν values of dust species at 24 and 70 µm do not depend on the grain size except for Fe dust. For Fe dust, which is a metallic dust, not only the electric dipole but also the magnetic dipole is important for grains larger than 0.006 µm, the efficiency (Q abs ) of which is proportional to the volume and not the size (Tanabe et al. 1984) . Therefore, the FIR opacity (κ abs,ν = (πa 2 Q abs,ν )/(4/3πa 3 ρ), where Q abs,ν is the absorption efficiency) of Fe dust is proportional to the square of the size for large grains. Note that small Fe dust (≤ 0.01 µm) has an FIR dust opacity much smaller than those of the other dust grains, e.g., ≤ 0.2 cm 2 g −1 versus 2-100 cm 2 g −1 at 70 µm. ∆κ JH in general does not depend on the grain size for a ≤ 0.01 µm and increases with a for larger grains up to a 0.1 µm (Figure 7) . This is the result of standard grain extinction properties: for small grains, i.e., x ≡ 2πa/λ ≪ 1, Q ext (= Q abs + Q sca ) is dominated by Q abs , which is proportional to x, so ∆κ JH (∝ (Q ext,J − Q ext,H )/a) is independent of the grain radius (except for Fe dust, which has Q abs ∝ a 3 ). For larger grains up to x 1, the scattering with Q sca ∝ x 4 is more important, so ∆κ JH increases. Because, in general, Q ext increases to a value of Q ext ≈ 3 − 5 near |m − 1|x ≈ 2, where m(≡ n + ik) is the complex refractive index, and then converges to 2 (Draine 2011), ∆κ JH reaches a maximum near |m − 1|x ≈ 2 and then rapidly drops to zero. For grains of a = 0.1 µm, ∆κ JH = 10 2 -10 4 cm 2 g −1 . Fe grains have ∆κ JH ∼ 10 3 cm 2 g −1 almost independent of their sizes. As discussed in the previous section, the dust grains responsible for the NIR extinction should have large ∆κ JH and/or small FIR κ abs,ν compared to the general interstellar dust composition. In this sense, small Fe (or other metallic) dust grains seem to be a candidate for the cool dust.
Spectral Modeling
We now perform spectral fitting to the SN dust SED at position A. We assume that the SN dust is composed of two temperature components, i.e., warm and cool dust, as noted in Section 4.1. A single component cannot explain both the MIR peak and the FIR excess. We found that essentially all of the MIR emission is from the warm dust. Therefore, we simply assume that the 12 and 24 µm brightnesses are from the warm dust, which then yields the temperature and surface density of warm dust without fitting the entire SED. Color correction was made using the filter response curve at each band and the spectral shape of each grain model. Figure 8(a) shows the derived temperature and surface density of warm dust for different species. Because the FIR κ abs,ν values of dust grains, except for Fe dust, do not depend on their sizes (Figure 6 ), the derived temperature and column density of dust species are independent of the grain size. Not all of these dust species can match the FIR part of the SED. This is shown in Figures 8(c) and (d) , where we compare the expected FIR brightnesses to the observed brightnesses (the red dashed and dotted lines). Note that it is acceptable if the expected brightness is less than the observed brightness because the difference can be contributed by cool dust, but not vice versa. Therefore, only three dust species can match the FIR part of the SED: MgSiO 3 , Mg 2 SiO 4 , and SiO 2 . The temperature and column density of the three grain models are 80 K < T warm < 120 K and 10 −8 g cm −2 < Σ d,warm < 10 −6 g cm −2 , respectively. The compositions and corresponding temperatures of this warm dust component are well consistent with previous observational and theoretical results (Rho et al. 2008; Nozawa et al. 2010) . Figure 8(b) shows the expected E(J −H) of warm dust estimated from their surface density using Equation 2. Note that the E(J − H) values of the three dust species are less than ∼ 10 −4 mag, which is a few orders of magnitude smaller than the observed E(J − H), as we already pointed out in Section 4.1.
With the warm dust component constrained, we can now search for possible candidates for the cool dust component. We perform a two-temperature modified blackbody fit of the SED for each of the three possible warm dust species above, the temperature and surface density of which are fixed. The left column of Figure 9 shows the derived temperature and surface density of the cool dust for each warm dust species. All combinations can fit the observed SED within the 1σ uncertainty of the measured brightness except when the cool dust is MgO grains. The opacity of MgO has a small bump peaking at 100 µm, so it cannot properly fit the observed brightness at either 100 or 160 µm. The temperature of the cool dust ranges from 30 to 70 K depending on its composition. When the warm dust is Mg 2 SiO 4 , the cool dust temperature is systematically lower. The right column of Figure 9 shows the expected color excess of each cool dust species. We see that small (≤ 0.01 µm) Fe grains can match the observed E(J − H) ≈ 0.2 mag for any warm dust species with Σ d = 2 − 5 × 10 −4 g cm −2 . None the other grain species can produce sufficient extinction. Figure 9 , however, shows that as the grain size increases, E(J − H) increases because larger grains have higher ∆κ JH (Figure 6 ), so perhaps grains larger than 0.1 µm might also produce E(J − H) ≈ 0.2 mag. Figure 7 shows ∆κ JH for each grain species as a function of grain radius. For oxide grains (i.e., MgO, MgSiO 3 , Mg 2 SiO 4 , Al 2 O 3 , and SiO 2 ), ∆κ JH reaches a maximum at ∼ 0.4 µm and then drops abruptly at 0.6 µm, whereas for metallic grains (i.e., Si, Fe, FeS, and Fe 3 O 4 ) and amorphous carbon, the transition occurs at somewhat shorter wavelengths. We find that pure Si grains with a radius of 0.16-0.21 µm can also explain the color excess we observed because of their large ∆κ JH (Figure 7) , although the permitted size range appears to be too narrow. Table 3 summarizes the parameters of the warm and cold dust grains that can explain both the FIR SED and the NIR extinction.
Discussion
Cool SN Dust Responsible for the NIR Extinction
According to our result, the cool dust that can explain the observed NIR extinction in the southern part of Cas A (i.e., in Slit 4) could be either small ( 0.01 µm) Fe or large ( 0.1 µm) Si grains. In this section, we discuss these two possibilities.
In the Slit 4 position, the reverse shock is now encountering pure Fe ejecta in the innermost region (Koo et al. 2013) . Considering this, cool SN dust mainly consisting of Fe grains seems to be reasonable. The small size also appears to be consistent with the theoretical prediction that the average radius of newly formed SN dust grains in SN IIb is smaller than 0.01 µm because of low gas density in the expanding SN ejecta (Kozasa et al. 2009; Nozawa et al. 2010) . On the other hand, theory also predicts that the gas density of the innermost ejecta is too low to produce pure Fe grains when the temperature of the region drops to 800 K, at which Fe grains can start to coagulate, so pure Fe dust is not expected to form in SNe IIb (Kozasa et al. 2009; Nozawa et al. 2010) . However, the above conclusion assumes a spherically symmetric explosion with homogeneous and stratified ejecta. If the gas density is inhomogeneous and/or the SN explosion is asymmetric, we cannot rule out the possibility of pure Fe grain formation in the innermost SN ejecta, where the gas density is relatively high (Sarangi & Cherchneff 2014) . Indeed, the ejecta material emitting [Fe II] lines is dense, with electron densities of ∼ 10 4 cm −3 (Koo et al. 2013 ).
Another possible grain species responsible for the large E(J − H) ≈ 0.2 mag is large Si grains. This possibility may be supported by previous infrared studies; Spitzer spectral mapping observations found strong [Si II] emission together with [O IV] and [S III] lines in the interior of the remnant, which arises from the unshocked SN ejecta photoionized by UV and X-ray emission from the Bright Rim (e.g., Smith et al. 2009; Isensee et al. 2010; Arendt et al. 2014; Milisavljevic & Fesen 2015) . The presence of ionized silicon in the interior supports the suggestion that the cool dust could be Si and/or silicate grains. Theoretically, pure Si grains can form in the Si-rich layer, but the grain size is very small, i.e., 0.01 µm (Nozawa et al. 2010) . However, again if the SN ejecta is clumped, grains larger than 0.1 µm can form in dense clumps (Sarangi & Cherchneff 2014) , so large Si grains are not implausible.
Composition of SN Dust in Cas A
From previous studies, it is reasonably well established that there are two SN dust components in Cas A: warm (∼ 100 K) dust swept up by the reverse shock and cool (30-40 K), unshocked dust residing in the interior of the remnant. The composition of the warm dust is relatively well specified from its MIR spectral features: Mg-silicates, SiO 2 , Al 2 O 3 , and/or C glass. The estimated total mass of warm dust ranges from 0.008 to 0.054 M ⊙ . The composition of the cool dust has been essentially unknown because in the FIR, the SED is mostly smooth without prominent spectral features. Assuming the FIR absorption coefficients of the general interstellar dust (Sibthorpe et al. 2010) or silicates (Barlow et al. 2010 ), a total mass of ∼ 0.07 M ⊙ has been obtained.
Our analysis also showed that there are warm and cool dust components in the southern ejecta shell. The derived temperature (80-120 K) and composition (MgSiO 3 , Mg 2 SiO 4 , or SiO 2 ) of the warm dust are consistent with previous results. For the cool dust, we were able to show for the first time that its composition is either small Fe or large Si grains. Their temperatures are 30-50 K. These grains are not expected in uniformly expanding stratified SN ejecta, but they can possibly form in dense clumps.
At first glance, the different compositions of warm and cool dust appear to be incompatible if we consider that the cool dust is swept up by the reverse shock and subsequently turns into warm dust with a temperature of ∼ 100 K. However, this can be understood if we consider that the SN ejecta is clumped. As we pointed out above, the cool dust responsible for the NIR extinction resides in dense clumps. When the dense clumps are swept up by the reverse shock, the shock speed is slow (e.g., 10 km s −1 ), and the gas temperature is below 10 4 K (Koo et al. 2013) , so the dust grains in the clumps are not heated to high temperature. On the other hand, when the diffuse ejecta is swept up by the reverse shock, the gas is heated to X-ray-emitting temperature (∼ 10 7 K), and the dust grains there are heated by collisions with electrons to high temperature. Therefore, it is the shock-heated warm grains in the diffuse ejecta that emit most of the MIR and FIR ( 70 µm) emission ( Figure 5 ), and their compositions could be different from those of grains in dense clumps. In summary, our observation can be explained if the SN ejecta is clumped and the grain species in diffuse material and dense clumps are different, i.e., silicate grains in the diffuse material and small Fe or large Si grains in the dense clumps. The cool dust that we detected could reside either in unshocked or shocked clumps, and it is these cool grains that are responsible for the NIR extinction.
When the cool dust is pure Fe grains, we can make a crude estimation of the dust formation efficiency from our observation. The required Fe dust mass density of (2-5) ×10 −4 g cm −2 corresponds to an Fe nucleus column density of (2-5) ×10 18 cm −2 . For comparison, the characteristic size of [Fe II]-line-emitting clumps is 5 ′′ or 0.08 pc at 3.4 kpc, and their average electron density is 2×10 4 cm −3 (Koo et al. 2013) . For pure Fe ejecta clumps, because Fe is mostly in Fe + , it means that the number density of Fe atoms is 2 × 10 4 cm −3 , and the characteristic Fe column density in the gas phase of Fe ejecta clumps is N Fe ∼ 5 × 10 21 cm −2 . Therefore, if there are n clump such clumps along the sight line where E(J − H) ≈ 0.23 in Slit 4, we obtain a dust-to-gas ratio of 0.4 − 1 × 10
clump . The total flux of cool dust at 100 µm in the global SED is ∼ 30 ± 10 Jy (Barlow et al. 2010) . The mass has been estimated to be ∼ 0.07 M ⊙ if we adopt the FIR absorption coefficients for silicates from Dorschner et al. (1995) . The contribution of small Fe or large Si grains to this mass budget would depend on the volume filling factor of the clumps but is probably not large. To address this issue, one may carry out an analysis similar to that in this paper toward the entire ejecta shell.
Summary
We performed NIR spectroscopic observations of Cas A in which we obtained the spectral and kinematical properties of 63 [Fe II]-line-emitting knots spread over the main ejecta shell. All of the knots show strong [Fe II] 1.26 and 1.64 µm lines, the ratio of which provides a direct measure of the extinction. From an analysis of the extinction toward individual knots, we showed that the NIR extinction is due in part to SN dust within the remnant. We explored the nature of the SN dust responsible for the NIR extinction by analyzing its thermal infrared emission. Our main results are summarized below.
1. We found that [Fe II] emission from redshifted SN ejecta is in general more heavily obscured than that from blueshifted SN ejecta (Figure 2) . We interpret the correlation as evidence for newly formed SN dust within the remnant. The amount of excess extinction varies considerably from one sight line to another, which suggests a highly non-uniform distribution of SN dust.
2. One slit (Slit 4) is located across the southern [Fe II] ejecta filament, which has the velocity structure of an expanding shell. Along this particular sight line, we measured an excess NIR extinction of E(J − H) = 0.23 ± 0.05 mag between the front and back sides of the shell, which must be entirely due to SN dust (Figure 3 ).
3. We analyzed the SED of thermal dust emission toward Slit 4 to show that there are warm (∼ 100 K) and cool (∼ 40 K) SN dust components along the sight line ( Figure 5 ). Among the grain species predicted from theoretical dust formation models in CCSNe, only silicate grains (i.e., MgSiO 3 , Mg 2 SiO 4 , SiO 2 ) can match the SED of warm SN dust which has a sharp 24 µm peak. The NIR extinction due to these warm silicate dust grains is negligible, so the observed excess NIR extinction should be due to the cool SN dust.
4. According to our analysis, only two grain species can explain both the SEDs of cool dust and the NIR excess extinction: (1) small ( 0.01 µm) Fe grains or (2) large ( 0.1 µm) Si grains. However, neither would be consistent with the dust formation theory for SN IIb with uniformly expanding, layered ejecta (e.g., Nozawa et al. 2010) , which predicts the formation of only small (< 0.01 µm) Si grains and no Fe grains. However, if the SN ejecta is clumpy, we might expect that Fe grains and large Si grains can be produced in dense clumps.
5. We suggest that the unshocked SN ejecta is clumpy and the grain species in diffuse material and dense clumps are different, i.e., silicate grains in diffuse material and small Fe or large Si grains in dense clumps. In the shocked ejecta, both still exist, but it is the shockheated warm grains in the diffuse ejecta that emit most of the MIR and FIR ( 70 µm) emission. The cool dust that we detected could reside in either unshocked or shocked clumps, and it is these cool grains that are responsible for the NIR extinction. The contribution of each grain species to the total mass ( 0.1 M ⊙ ) of cool SN dust in Cas A remains to be explored. (Thorstensen et al. 2001) . The green contours represent the hydrogen column density (N H ) derived from a single-component fit of Chandra X-ray data (Hwang & Laming 2012) , and the levels are 1.5, 1.9, 2.3, 2.7, and 3.1 × 10 22 cm −2 . The red solid line is the boundary of the N H map. (b) Variation of E(J − H) with position angle. The position angle is the angle along the perimeter of the remnant measured from north to east with P A = 0 corresponding to a line drawn due north from the expansion center (black cross mark) of Cas A. The filled symbols represent the 63 infrared knots detected (Koo et al. 2013) , with green squares indicating He-rich knots, red circles indicating S-rich knots, and blue diamonds indicating Fe-rich knots. The seven optical knots of Hurford & Fesen (1996) are marked by open symbols: five FMKs and two QSFs appear as red circles and green squares, respectively. The 19 infrared knots observed in Eriksen et al. (2009) are also marked by black X symbols. The gray-shaded regions are the areas uncovered in our observation. The black solid line shows the variation of the average E(J − H) along the iron-bright rim obtained from the N H map of Hwang & Laming (2012) , and the black dashed-dotted lines represent maximum and minimum E(J − H) at each position angle (see the text for details). Figure 4 , and the black solid line is that of the background region (see Table 1 ). The red and blue dotted lines represent the background-subtracted SEDs in regions A and B, respectively, and therefore the SEDs of pure SN dust. The symbol with a downward arrow denotes the 1σ upper limit of the brightness. (Right) Two-component fit for the SED at position A. The warm dust (red dashed line) is assumed to be MgSiO 3 , whereas the cool dust (blue dashed line) is assumed to have the general interstellar dust composition (see the text for details). Red and black symbols represent the measured and color-corrected brightnesses, respectively. Table 2 . Symbols and colors denote the grain species and sizes, respectively. We connect the same symbols with black dotted lines. For comparison, the general interstellar dust (Draine 2003 ) is marked with a star symbol. Note. -Brightnesses in units of MJy sr −1 . The uncertainties are derived from a quadrature sum of the photometric uncertainty and the brightness variation within the aperture. The maximum of λ coverage is limited to 148 µm. In this case, we assume that the optical properties, n and k, do not vary at longer wavelengths. 
